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INTRODUCTION 


A typical  CW  HF(DF)  chemical  laser  nozzle  is  illustrated  in  Fig,  1. 
Typical  dimensions  and  flow  conditions,  based  on  the  data  of  Wilson  and 
Hook,  ^ are  as  follows: 


h 

0.  1 cm 

'^t 

= 

0.005  cm 

1 

ex 

= 

0.  3 cm 

T 

o 

= 

1500‘'K 

L. 

1 

= 

0.  5 cm 

Po 

= 

10  atm 

ex 

= 

0.08  cm 

M 

ex 

= 

6 

w. 

1 

= 

0.05  cm 

p 

^ex 

= 

10  Torr 

Studies  of  the  chemical  laser  diffusion /reaction  region,^  under  diffusion 
limited  operation,  have  indicated  that  chemicad.  efficiency  of  these  lasers  is 
inversely  proportional  to  (pw)  , where  p and  w are  the  static  pressure 
and  semichannel  width  at  the  exit  of  the  oxidizer  nozzle,  respectively.  It  is 
of  interest,  therefore,  to  reduce  nozzle  lateral  scale  in  order  to  improve 
laser  efficiency,  particularly  at  high-pressure  operation.  However,  the 
reduction  of  nozzle  lateral  scale,  without  a corresponding  decrease  in  axial 
scale  (for  structural  reasons),  increases  wall  boundary  layer  effects.  In 
particular,  the  effects  of  surface  recombination  of  F atoms,  shear,  and 
heat  transfer  on  nozzle  exit  flow  profiles  are  enhanced. 

Recombination  effects  in  chemical  laser  nozzles  were  studied  by  Ferrell, 
3 

Kendall,  and  Tong.  Numerical  integration  was  used  to  investigate  several 
nozzle  configurations  for  a fixed  set  of  initial  flow  conditions.  It  was  con- 
cluded that  most  of  the  recombination  occurred  at  and  upstream  of  the  throat. 


as  would  be  expected  from  physical  (i.  e.  , unit  Reynolds  number) 
considerations.  A 20%  reduction  in  initial  dissociation  level  was  deduced 
for  a baseline  case. 

The  purpose  of  the  present  study  is  to  provide  simple  analytic  expres- 
sions for  estimating  fluorine  recombination  and  other  boundary  layer  pro- 
perties in  the  inlet  region  of  a chemical  laser  nozzle.  The  inlet  region  is 
idealized  as  having  a uniform  cross-sectional  area  and  a sharp  leading  edge 
(Fig.  2).  The  analytic  estimates  for  inlet  boundary  layer  development  are 

based  on  zero  pressure  gradient  results  for  flows  with  unit  Prandtl  and 

4 

Schmidt  numbers  and  a linear  viscosity-temperature  relationship.  The 
i - nozzle  surface  is  assumed  to  be  fully  catalytic,  as  discussed  in  Appendix  A, 


and  gas  phase  recombination  is  neglected.  Boundary  layer  effects  in  the 
supersonic  expansion  region  of  the  nozzle  are  estimated  in  Appendix  B and 
are  compared  with  the  corresponding  effects  in  the  inlet  region. 


ANALYSIS 


I 

i 

I 
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Integral  properties  of  the  boundary  layer  in  the  idealized  inlet  of  Fig.  2 
are  first  noted.  Analytical  estimates  for  these  properties  are  then  presented. 
INTEGRAL  PROPERTIES 

It  is  assumed  that  the  thickness  of  die  boundary  layer  6 is  smaller  than 
the  semichannel  width  Wj^.  The  mass,  momentum,  enthalpy,  and  fluorine 
atom  defect  thickness  at  each  station  x are  defined,  respectively,  by 


(la) 


(lb) 


(Ic) 


(Id) 


2 

where  h s C T + u /2  is  the  local  total  enthalpy  and  p,  u,  T,  K_  denote  mass 
P * 

density,  velocity,  temperature,  and  fluorine  atom  mass  fraction.  Subscript 
e denotes  local  properties  external  to  the  boundary  layer. 


i1 

i 


.7. 


With  6<Wj^,  the  upper  limit  of  the  above  integrals  cein  be  replaced  by 
Wj.  Let  subscript  e,  o denote  local  free-stream  properties  at  x = o and  sub- 
script o denote  plenum  (stagnation)  conditions  (Fig.  1).  Mass  continuity 
indicates 


. 4^-  = 1 _ 

Wi 


The  mass  fraction  of  atomic  fluorine,  K^,,  is  assumed  to  remain  constant 
(frozen)  in  the  region  external  to  Ihe  boundary  layer.  Thus 


“o  = Kp  + Kj.; 


K„  + K, 


where  a denotes  the  dissociation  level  in  the  plenum.  Let  a denote  the 
o 

average  dissociation  level  (on  a mass  flux  basis)  at  each  station  x,  namely 


puKj,  dy/{[jpu  (K^  + K^,  )]^  ^w.} 

•/q  2 * 

and  let  Aa  s Oo  “ a denote  the  departure  of  c?  from  the  initial  value  Oq* 
Note  that  Eqs.  (la)  and  (Id)  can  be  written  as 
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= w.  - r ^ -^dy 
1 / p u ’ 

•'o  e 


w. 

6f  = Wi  - 6*  -/  ^ [(puKp)/(puKp)Jdy 


If  follows  from  Eqs.  (2)  through  (4)  that 


— = 1 - 


W. 

(puK^)^  ^ VuKj,dy 

tP^  Ve.o  ^P'" 


“ 6*  “ 6p  6p 

w.  - 6*  w.  - 6* 


If  represents  the  average  dissociation  level  in  the  boundary  layer 

6 Xj 


“bL  - /'  ^ '^F,h.  c / 


and  Aa_.  = o - anr  represents  the  departure  of  the  boundary  layer  dissocia- 
B L o i3  JL# 

tion  level  from  the  initial  value,  it  follows  that 


«o  ” 6-6^ 
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A suitable  choice  for  6 is  discussed  later  [i.  e.  , Eq.  (10c)].  Similarly,  if 
h denotes  the  average  value  of  h at  any  station  and  ^BL  denotes  the  average 
value  of  h in  the  boundary  layer,  then,  noting  h^  = h^,  we  obtain 


«E 


Ah  _ h , _ 

K Ti  - j* 

o o 1 ” 


(6a) 


^BL  ^BL 


- 1 = 


Se 
6 - 


(6b) 


The  ratio  of  the  mass  flow  in  the  boundary  layer  m^j^  to  the  total 
mass  flow  m is 


m 


/*  ® pu  dy 

BL  ^ 

^ " (P'^>e,o'^  ■ w.  - 6* 


Finally,  the  net  heat  transfer  to  the  walls  of  each  semichannel,  up  to  station 
X,  is  denoted  Q and  can  be  expressed 


(8a) 
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where 


(8b) 


Here,  the  first  term  on  the  right  side  of  Eq.  (8b)  denotes  the  local  heat 
transfer  to  the  wall  by  thermal  conduction;  the  second  term  denotes  the  local 
rate  of  energy  addition  due  to  diffusion  of  F atoms  to  the  wall.  The  latter 
recombine  at  the  wall  and  liberate  energy  in  the  amount  of  AH  per  unit  mass 
of  F atoms.  Direct  integration  of  the  conservation  equations  yields  the  rela- 
tions between  the  integrals,  as  defined  in  Eq.  (1),  and  their  respective  surface 
fluxes.  In  particular 


(8c) 


(8d) 


which  result  in  the  following  expression  for  the  net  energy  flux  to  the  walls, 
up  to  station  x 


(K^)AH  . 
e °F 


E 


3 

where  AH  = 1. 66  kcal/gj,  and  = 1.  24  X 10"  kcal/g  for  a plenum  gas  that 
is  primarily  helium. 

FLAT  PLATE  ESTIMATES 

In  general,  numerical  solutions  of  the  boundary  layer  equations  are 

needed  in  order  to  determine  local  values  of  6,  5 , ® 0..  Existing 

flat  plate  solutions  can  be  used,  however,  if  it  is  assumed  that  the  Prandtl 

number  (Pr  = u C /k)  and  Schmidt  number  (Sc  = p/pS!)  equal  1,  that  the  pres- 
P 

sure  gradient  is  negligible  (i.e.  , 6*/wj  « 1),  that  wall  species  concentrations 
and  wall  temperature  are  constant,  and  that  there  is  no  gas  phase  recombina- 
tion. It  follows  that  normalized  velocity,  total  enthalpy,  and  species  dis- 
tributions are  identical.  [For  example,  see  Dorrance,  Eqs.  (2-103)  and 
(2- 104),  ^ or  Hayes  and  Probstein,  Eqs.  (8.  3.  3)  and  (8.  3. 4).  Thus 


h - h 

u _ w 

u Ti  - h 
e o w 


K.  - K. 

1 1,  w 

rlc 


K. 

i,e 


i,w 


(9a) 


I 


•1 


f-: 


where  K.  denotes  the  mass  fraction  of  species  i and  subscript  w denotes  wall 
conditions.  It  also  follows  that  (note  that  h^/h^  = T^/T^) 

[1  - - (T„/T„)r‘  6j.  =0  (W 

This  property  of  the  similarity  profiles  can  be  readily  shown  by  direct  sub- 
stitution of  the  linear  transformation  of  Eq.  (9a)  into  Eqs.  (lb)  thrr vgh  (Id). 
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The  recombination  of  F atoms  at  the  wall  creates  which  diffuses  away 
from  the  wall.  From  conservation  of  mass,  the  concentration  of  F2  at  the 
wall  is  found  from 


K,,  = K_  + - K_ 

^2,w  ^2,e 


(9c) 


In  typical  chemical  laser  nozzles,  the  wall  can  be  considered  fully  catalytic, 

/K„  < < 1.  The  validity  of  this  assumption  is  examined  in  Appendix  A. 

F,w  F,e 

Finally,  it  is  assumed  that  p~T.^ 

The  resulting  expressions  for  the  various  boundary  layer  thickness  at 
4 

X = L.  are  then 
1 


— 0 — 0.  664 


i/2 


(10a) 


/®e 

T,  2 

1 \) 

1.72-^  + 0.332(V  - 1)M^ 
e 

(10b) 


The  effect  of  w 1 can  be  accounted  for  by  the  use  of  a mean  reference 

temperature.  ^ Because  this  effect  is  relatively  small  for  the  inlet  region  (on 
the  order  of  10%),  it  is  neglected  herein. 
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(10c) 


‘bL  0.664 

ET”  " “A“ 


(lOd) 


where  S>  is  the  local  free-stream  value  of  the  diffusion  coefficient  and  y is 
e 

the  ratio  of  specific  heats.  The  value  of  A depends  on  the  definition  of  the. 
boundary  layer  edge.  In  particular  (from  Stewartson,^  with  A = */2f) 


1.7<AS3.3  for  0.  90  < u/u^  < 0.  99 


The  value  A = 1.7,  corresponding  to  u/u^  = 0.  90,  will  be  used  herein  to 
characterize  boundary  layer  thickness.  For  A = 1.7,  Eq.  (lOd)  becomes 


'F,w\'  = /l  - 


= 0.  39 


Equations  (10)  and  (11)  are  valid  for  6 /w^  < 1 and,  because  pressure 
gradient  was  neglected,  for  6*/wj^<<  1.  Neglecting  terms  of  order  6*/Wj, 
compared  with  1,  in  Eqs.  (5)  through  (7)  and  substituting  into  Eq.  (10) 
yields 


I 


Equations  (10)  through  (12)  can  be  used  to  estimate  boundary  layer  effects 
provided  1 and  6/wj  < 1. 

1 /2 

It  is  convenient  to  ejq>ress  (S'  L. /u  ) /w.  in  terms  of  plenum  con- 

6 i G X 

ditions  (denoted  by  subscript  zero)  and  nozzle  geometry.  It  can  generally  be 

assumed  that  M < < 1 in  the  inlet  region.  Isentropic  flow  conditions  indicate 
e 


where  w^  is  the  throat  semiwidth.  [Equations  (13b)  and  (13c)  neglect  the 
boundary  layer  displacement  thickness  at  the  throat.]  The  diffusion 


-15- 


coefficient  will  be  approximated  by  the  value  for  a binary  mixture  of  helium 

7 

and  fluorine  atoms,  which  can  be  expressed  (from  the  results  of  Brokaw  ) 


S = 0.78  X 10“*  T cm^/sec 

e e '^e 


(14) 


where  and  p^  are  expressed  in  terms  of  kelvin  units  and  atmospheres, 
respectively.  Further,  assume  that  the  free-stream  flow  is  monatomic 
(y  = 5/3)  and  consists  primarily  of  helium  (i.e. , = 5884).  It  follows, 

by  direct  substitution  of  the  latter  relations  [Eqs.  (13)  and  (14)],  that 


0.664  {% 

w.  \ u / 
I ' e ' 


= 1.02  X 10 


-4 


T L 

o i 


p w. 
*^o  t 


w. 

1 


1/2 


(15) 


where  T^,  p^,  w^  are  expressed  in  kelvin  uxuts,  atmospheres,  and  centimeters, 

respectively.  Equation  (15)  permits  the  rapid  estimate  of  boundary  layer 

properties  in  chemical  laser  inlet  sections.  The  variation  of  Ao/or  and 

o 

Ah/h^  with  PqW^  is  given  in  Fig.  3 for  5 < Lj/w.  < 40  and  0.  01  < P^w^, 

atm-cm<0.1.  In  this  range,  Ao/of  and  Ah /h  vary  from  about  0.  05  to 

o o 

0.40. 

For  the  typical  chemical  laser  nozzle  dimensions  and  flow  conditions 

in  the  Introduction  (i.e.,  P^w^  = 0.05  atm-cm,  L./w^  = 10),  Fig.  3 indicates 

that  Aof/a^  = 0.  10  for  a fully  catalytic  wall  and  Ah/h  = 0.  10  for  T /T  < < 1. 
o o w o 

-1/2 

These  losses  vary  as  (p^)  so  that  the  losses  would  be  Ao/o  = Ah/h  = 

o o o 
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Fig.  3.  Mass  Averaged  Reduction  in  Dissociation 
Level  and  Total  Enthalpy  at  Downstream 
End  (x  = Li)  of  Inlet  Section.  Solution 
valid  for  6/wi  = 2.6(1  + T^/To) 

<1,  6*/wi  = 2.6(T^/To)  (Aa/oo)  «1. 
Solution  for  Aq'/q'q  assumes  fully 
catalytic  wall. 


0.  30  if  the  laser  were  operated  at  = 1 atm  instead  of  p^  = 10  atm.  Thus, 
significant  F atom  recombination  and  heat  loss  can  occur  in  the  inlet  region 


of  chemical  laser  nozzles. 


1 


( 

E 


CONCLUSION 

Wall  boundary  layer  losses  in  the  supersonic  expansion  region  are 
discussed  in  Appendix  B.  It  is  concluded  that  for  typical  geometries,  the 
major  reduction  in  dissociation  level  and  tot2il  enthalpy  occurs  in  the  inlet 

3 

section,  which  is  in  accord  with  the  results  of  Ferrell,  Kendall,  and  Tong. 

It  should  also  be  noted  that  ^/Oq  and  Ah/h^  represent  quantities  which 
are  averaged  over  the  entire  mass  flow.  Based  on  the  boundary  layer  mass 
flow  only,  the  decrease  in  dissociation  level  and  total  enthalpy  is  considerably 
larger  (i.e.,  for  A = 1.7,  = 0*  39).  Diffusion-type  chemical  lasers 

2 

generally  utilize  only  a portion  of  the  oxidizer  flow  to  create  excited  HF /DF. 
The  portion  of  the  oxidizer  flow  that  is  used  is,  in  fact,  the  flow  within  the 
wall  boundary  layer,  because  it  is  this  flow  that  first  comes  into  contact  with 
the  fuel  (H-/D_)  stream.  Therefore,  decreases  in  fluid  properties  based  on 
total  mass  flow  (i.e.  , Aa/a^,  Ah/h^)  \inder estimate  the  decrease  for  the  flow 
actually  participating  in  the  lasing  process  and  consequently  underestimate 
the  effect  of  the  inlet  on  laser  performance. 

It  is  clear  that  F atom  recombination  and  thermal  losses  in  the  inlet 
section  of  CW  chemical  laser  nozzles  can  have  a significant  effect  on  the 
dissociation  level  and  average  static  temperatures  (and  chemical  rates)  in 
the  lasing  region.  These  effects  should  therefore  be  considered  when  laser 
performance  is  predicted  or  experimental  data  are  auialyzed. 
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APPENDIX  A 

VALIDITY  OF  CATALYTIC  WALL  ASSUMPTION 


It  was  stated  that  the  chemical  laser  nozzle  wall  can  generally  be 

considered  fully  catalytic  (K„  /K„  ^<<  1).  The  validity  of  this  assump- 

X > w r f e 


tion  is  examined  herein. 

The  wall  concentration  of  F atoms  is  established  by  equating  the  rate 
of  surface  recombination  of  F atoms  to  the  rate  at  which  F atoms  diffuse  to 


the  surface.  Thus' 


‘pVw ''r  = 


w 


(A-1) 


where  k is  the  surface  recombination  rate  coefficient  in  cm/sec.  For 


uniform  free-stream  conditions,  (p®  9Kp/3y)^  = (puKp)g  d6p/dx.  Thus, 
using  Eq.  (10a)  with  L^  replaced  by  x,  we  obtain 


= 0.  332 

^F,e  Pw 


"e  ( 


1/2 


(A.2) 


1 


Equation  (A-2)  indicates  that  Kp  ^ varies  with  x,  which  violates  one  of  the 
assumptions  leading  to  Eq.  (9a).  However,  this  variation  has  a negligible 
effect  on  Eq.  (9a)  when  K„'-  /K_  < < 1,  as  will  be  shown  to  be  the  general 

f f W If  f c 

case.  (For  K„  /K„  not  small,  Eq.  (A-2)  can  be  used  to  provide  an 
'•  F,  w r , e 

approximate  estimate  for  the  value  of  K_  „ /K„  at  x = L,].  For  a 


helium-fluorine  mixture  auid  M^<  < i,  the  value  of  K 


found  from 


e 


K 


F,e 


0.  169  V 

k_  T w.  \ p w.  w./ 
R o 1 o t i' 


Substitution  of  typical  values  of  the  variables  = 0.  5,  = 0.05, 

T = 1500*K,  Li. /w.  = 100,  L./w.  = 10)  into  Eq.  (A-3)  yields 

O X w XX 


(■ 


^F,e) 


K 


F,w 


K 


F,e 


(A-4) 


5 2 

Estimated  values  of  k-  are  5 x 10  < k^  for  metal  surfaces, 

2 

10  < kj^  < 5 X 10  for  oxide  surfaces,  and  kj^  < 10  cm/sec  for  Pyrex  glasses. 

Inasmuch  as  chemical  laser  nozzles  are  metallic  but  surface  oxidized  by  the 

2 3 

fluorine  passivation  process,  a value  of  k^  in  the  range  10  to  10  seems 
reasonable.  Equation  (A-4)  then  indicates  K_  /K_  <<  1,  and  the  surface 

i?  > W X?  > © 

may  therefore  be  considered  fully  catalytic.^ 

^A  study  was  made  recently  by  E.  J.  Jumper,  C.  J.  Ultee,  and  E.  A.  Dorko 
("Determination  of  the  Surface  Recombination  Coefficients  for  a Stream  of 
Fluorine  Atoms  in  an  Inert  Gas  Diluent,  " private  communication).  This 
study  provides  estimates  of  the  variation  of  wall  recombination  coefficient 
with  wall  temperature  for  the  case  of  a helium  fluorine  mixture  and  a nickel 
wall.  The  results  indicate  thatkj^<  500  cm/sec  for  T < 400*K  and  kj^  = 50, 

10,  l,and  0.  1 cm/sec  for  T = 450*,  500“,  550*,  and  650*K,  respectively.  Hence, 
from  Eq.  (A-4),  the  typical  chemical  laser  inlet  section  may  be  considered 
fully  catalytic  for  temperatures  less  than  about  450*K. 


It  should  be  recalled  that  gas  phase  recombination  was  neglected.  Wall 
cooling  (T  /T  < < 1 ) tends  to  induce  gas  phase  recombination  near  the  wall. 
A cooled  wall,  therefore,  represents  a sink  for  F atoms  due  to  both  gas  phase 
and  surface  recombination.  When  a cooled  wall  is  not  quite  fully  catalytic, 
the  assumption  of  a fully  catalytic  wall  (K„  8®®  phase 

recombination  provides  a reasonable  estimate  of  the  net  effect  of  surface 
auid  gas  phase  recombination. 


APPENDIX  B 

BOUNDARY  LAYER  EFFECTS  IN  SUPERSONIC  EXPANSION  REGION 


A rough  estimate  of  boundary  layer  effects  in  the  supersonic  expansion 
region  cein  be  obtained  by  using  an  "equivalent  flat  plate"  formulation.  The 
boundary  layer  at  the  exit  of  the  supersonic  nozzle  is  found  by  assuming  a 
zero  pressure  gradient  flow  over  a plate  of  length  L^^  (Fig.  1)  with  free- 
stream  conditions  corresponding  to  those  at  the  nozzle  exit  (denoted  by  sub- 
script ex).  Initial  defects  of  momentum,  energy,  and  atomic  species  are 

1 /2 

neglected.  Equation  (10)  then  applies  with  (!2>^  L. /u^)  replaced  by 

1 /2 

(!2>  L /u  ) ' . The  results  are  of  interest  primarily  for  comparing  the 

QX  GX  GX 

relative  importance  of  the  inlet  auid  exit  regions  with  regard  to  heat  and 
F atom  loss. 


With  hypersonic  exit  conditions  assumed,  isentropic  flow  relations 


indicate 


|y-i)/y 


ex  V^ex' 


(B-l) 


If  the  effect  of  boundary  layer  displacement  thickness  at  the  throat  and  at  the 
nozzle  exit  is  neglected 


w / _ ,v(y+1)/[2(y-^)]  2Av  1)  2 

= ( ^ I ^'[1  +0(M^  )] 

\y  i-  i/  ex  ex'-* 


(B.2) 
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For  a helium-fluorine  mixture  with  y = 5/3,  ~ ®ex  8^^®“ 

by  Eq.  (14),  the  exit  Reynolds  number  can  be  expressed 


I 

f 

I 


0.664 


w 


ex 


in  1 

^ 1 
0 

1 ^ V 

1 ex  1 

p w.  w 1 
*^o  t ex/ 

,i/2 


(B-3) 


The  ratio  of  supersonic  nozzle  F atom  loss  to  inlet  region  F atom  loss  is 
then 


<^“)ex  _ 

"(aoTT  " 


(B-4a) 


= 0.3 


(B-4b) 


Equation  (B-4b)  assumes  = 4,  =10,  ^e” 

(B-4)  tends  to  overestimate  F atom  losses  in  the  supersonic  expansion 
region,  because  the  considerable  initial  F atom  defect  at  the  start  of  the 
expansion  process  is  neglected. 

It  may  be  concluded  that  the  major  decrease  in  dissociation  level  occurs 
in  the  inlet  region.*  Similarly,  the  major  loss  in  thermal  energy  (Ah/h^) 

*The  flux  of  F atoms  and  heat  to  the  wall,  in  the  vicinity  of  the  throat,  is 
relatively  high.  However,  because  of  the  small  extent  of  the  throat  region, 
the  losses  in  this  region  are  probably  less  important  than  those  in  the 
inlet. 
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occurs  in  the  inlet  region.  However,  the  momentum  defect  at  the  downstream 
end  of  the  supersonic  expansion  is  probably  caused  primarily  by  the 
supersonic  nozzle  wall  boundary  layer,  inasmuch  as  the  initial  momentum 
defect,  at  the  start  of  the  supersonic  expansion,  is  small  (because  of  the 
large  favorable  pressure  gradient  in  the  vicinity  of  the  throat). 


ABBREVIATIONS  AND  SYMBOLS 


speed  of  sound 


diffusion  coefficient 


total  enthalpy;  spacing  between  nozzle  inlets 


heat  of  recombination 


thermal  conductivity 


lengths 


Mach  number 


Prandtl  number 


local  heat  transfer  at  the  wall 


Schmidt  number 


axial  velocity 


semichannel  width 


axial  coordinate 


a 


dissociation  level 


y = ratio  of  specific  heats 

g = boundary  layer  thickness 

f,*  = displacement  thickness 

= enthalpy  defect  thickness 
= fluorine  atom  defect  thickness 
6 = momentum  thickness 

p = viscosity  coefficient 

p = mass  density 

lu  = viscosity-temperature  exponent, 

Subscripts 

BL  = average  in  the  boundary  layer 

e = external  to  the  bovmdary  layer  (free  stream) 
ex  = exit  of  nozzle 

e,o  = local  free-stream  value  at  x = 0 
i = inlet  of  nozzle 

o = plenum  condition;  initial  value 

t = nozzle  throat  condition 


w = wall  condition 


Superscript 

(~)  = average  value 
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THE  IVAN  A.  GETTING  LABORATORIES 

Th«  Laboratory  Oporationt  of  Tha  Aaroapaca  Corporation  ia  conducting 
axparimantal  and  thaoratlcal  invaatigatlona  nacaaaary  for  tha  avaluation  and 
application  of  aciantific  advancaa  to  naw  military  concapta  and  ayatama.  Var- 
aatility  and  flaxibility  hava  baan  developed  to  a high  degree  by  the  laboratory 
peraonnel  ia  dealing  with  the  many  problama  encountered  in  tha  aation*a  rapidly 
developing  apace  and  miaaila  ayatama.  Eiqfiartiaa  in  tha  lataat  aciantific  davaU 
opmenta  ia  vital  to  tha  accompli ahmant  of  taaka  related  to  theaa  problama.  The 
laboratoriea  that  contribute  to  thia  raaaarch  are: 

Aerophyaica  Laboratory:  Launch  and  reentry  aarodynamica,  heat  trana» 
fer,  raant^  phyaica,  chemical  kinatica,  atructural  mechanica,  flight  dyaamica, 
atmoapharic  pollution,  and  high-power  gaa  laaara. 

Chemiatry  and  Phyaica  Laboratory:  Atmoapharic  reacts  ona  and  atmoa- 
pheri<r^tica,  chemical  ra^ctiona  in  poUutad  atmoapheraa,  chanrucai  raactiona 
of  excited  apeciea  in  rocket  plumea.  chemical  tharmodynamica,  plaama  and 
laaar-induced  reactiona,  laaer  chemiatry,  pr<jpul0ion  chemiatry,  apace  vacuum 
and  radiation  effecta  on  materiala.  lubrication  and  aurface  phenomena,  photo* 
aenaitiva  materiala  and  aanaora,  high  praciaicm  laaer  ranging,  and  tha  appli- 
cation of  phyaica  and  chemiatry  to  problama  of  law  enforcement  and  biomedicine. 

Electronica  Raaaarch  Laboratory;  Electromagnetic  theory,  davicaa,  and 
propagation  phenomena,  inc^luding  plaama  alactromagnatica;  quantum  electronica, 
laaera,  and  electro-optica;  communication  aciancea,  applied  electronica,  aami- 
conducting,  auperconducting,  and  cryatal  device  phyaica,  optical  and  acouatical 
imaging;  atmoapharic  pollution;  millimeter  wave  and  far-infrared  technology. 

Materiala  Sciencea  Laboratory;  Development  of  new  materiala;  metal 
matrix  compoaitea  and  neuT form^ oi  carbon;  teat  and  evaluation  of  graphite 
and  ceramica  in  reentry;  apacecraft  materiala  and  electronic  componanta  in 
nuclear  weapona  environment;  application  of  fracture  mechanica  to  atreaa  cor- 
roaion  and  fatigue-induced  fracturaa  in  atructural  metala. 

Space  Sciencea  Laboratory:  Atmoapheric  and  ionoapheric  phyaica,  radia- 
tion iroxn^e  atmoaphere,  danaity  and  compoaition  of  the  atmoaphara,  aurorae 
and  airglow;  magneto apheric  phyaica,  coamic  raya,  generation  and  propagation 
of  plaama  wavea  in  the  magnetoaphere;  aolar  phyaica,  atudiea  of  aolar  magnetic 
fielda:  apace  aatronomy,  x-ray  aatronomy;  the  effecta  of  nuclear  e]q>loaiona, 
magnetic  atorma,  and  aolar  activity  on  the  earth*a  atmoaphere,  ionoapherc,  and 
magnetoaphere;  the  effecta  of  optical,  electromagnetic,  and  particulate  radia- 
tiona  in  apace  on  apace  ayatema. 
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